Physical exercise (PE) is a strong stimulant of glucose absorption by the skeletal muscles, a phenomenon that results from an increase in the rates of glucose release, transmembranal transport of glucose, and substrate flow at the intracellular level through glycolysis. 1 Although PE is an important tool for maintaining or improving cardiovascular fitness, most studies on the impact of PE on DM1 have not shown objective improvements on glycemic control. 2 It has been described that type 1 diabetic athletes show alterations in their metabolic control compared to sedentary type 1 diabetics.
PE masks some of the symptoms of hypoglycemia, like sweating, vertigo, and tiredness.
Even though there are documented, descriptive articles that report the presence of hypoglycemia up to 31 hours after a workout session, 4 there are no accurate data available in terms of the benefits on metabolic control, either in adult patients or on the differential impact of morning or afternoon exercise on the characteristics of a subsequent hypoglycemic event.
The primary outcome of this randomized crossover study on adult individuals with DM1 using insulin pump therapy and CGM systems was the incidence of hypoglycemia and the glycemic patterns after morning versus afternoon sessions up to 36 hours postworkout. We also evaluated the impact of exercise sessions on glycemic control up to 36 hours postworkout determined by CGM.
Methods
This was a randomized, crossover study, with all subjects serving as their own controls. A total of 35 patients with DM1 were studied. They were recruited from the Diabetes Clinic of the San Ignacio Hospital in Bogota, Colombia. Inclusion criteria were patients older than 18 years old, on SAP therapy (Paradigm REAL-Time System, Medtronic Diabetes, Northridge, CA, USA), who have been on this therapy for at least 3 months, using continuous glucose monitoring (CGM) and the Bolus Wizard more than 80% of the time. The exclusion criteria were pregnancy, physical or mental incapacity to perform PE, history of acute myocardial infarction or positive exercise-ECG test, diabetic ketoacidosis or active infection at the moment of the trial, use of beta blockers or glucocorticoids, peripheral vascular disease, severe proliferative diabetic retinopathy or nonproliferative diabetic retinopathy, severe peripheral neuropathy, and chronic stage 5 kidney failure on dialysis therapy. All patients gave written informed consent.
Participants were randomized to 2 consecutive moderateintensity exercise sessions, 1 in the morning (at 7 am) and 1 in the afternoon (at 4 pm), separated by a 7 to 14 day washout period. A computer-generated random number list was used to allocate the order of exercise sessions. All patients changed their CGM sensor 36 to 48 hours prior to each of their workout sessions. The first 6 hours were used to calibrate the equipment. The data obtained during the 24 hours prior to the workout session were used as information for day of rest.
Subjects' preexercise meals (dinner on the night before morning sessions and lunch prior to afternoon sessions) were standardized to provide 25% of the total daily caloric intake in the following way: 50% carbohydrates, 20% protein, and 30% fat. Forty-five minutes after finishing morning exercise, patients were provided with a standardized breakfast. Prior to afternoon exercise, the patients were asked to have lunch at 12 pm. During the following 36 hours after each exercise session the patients were allowed to continue eating as they would on a regular basis, recording a meal diary, and using the Bolus Wizard to register the amount of carbohydrates consumed during the study.
Exercise sessions started only if subjects' blood glucose concentrations were in the 120-200 mg/dL range. If the result was less than 120 mg/dl, we offered 15 to 30 grams of carbohydrates to the patient, and if the result was more than 200 mg/dl, we administrated a fast-acting insulin analog, according to the bolus wizard calculation. In both of the later cases, a new blood glucose measurement was performed 15 minutes later.
Before the start of each session, the pump was stopped and started again 45 minutes after the exercise was over. This action was based on a prior study in children and adolescents that found that discontinuing basal insulin during and for 45 minutes following postabsorptive afternoon exercise significantly reduced the frequency of hypoglycemic episodes. 5 The exercise session involved a 60-minute moderate aerobic workout on a treadmill machine, divided into 4 cycles 15 minutes each, separated by three 5-minute breaks. Capillary blood glucose readings were taken at the start of the session, after the second 15-minute bout of exercise, and 45 minutes after the end of the session. Capillary blood glucose readings were also obtained before and 2 hours after meals, at 10 pm and 3 am on the day of sensor insertion, on the day of the workout session, and 36 hours after the session.
The primary outcome was the rate of hypoglycemic episodes during exercise and in the 36 hours following morning and afternoon sessions. Secondary outcomes were the number of CGM readings in the 70-200 mg/dL range on the day after exercise and the accuracy of CGM data compared to self-monitored blood glucose (SMBG) measurements.
Statistical Analysis
Standard statistical methods were used for the calculation of means and standard deviation (SD). Hypoglycemia was defined as a CGM value of <70 mg/dL. If values of <70 mg/ dL were sustained for >20 min, an additional event was counted. Severe hypoglycemic events were defined as hypoglycemia plus altered consciousness, seizures, or the requirements of assistance from a third person. We evaluated the differences using incidence rate ratios. Time spent in euglycemia (70-200 mg/dL) was measured on days before and after the workout session and compared via paired t tests. The accuracy of the data obtained through CGM was estimated with the mean absolute relative difference (MARD) between the CGM and contemporaneous SMBG values. The CGM information was downloaded using Personal Care Link software. It was a priori established that the quality of the CGM readings would be acceptable if each of the MARD reports were below 20%. Data were analyzed using Stata statistical software version 10 (StataCorp LP, College Station, TX).
Results
Among 35 patients initially randomized, 3 subjects were excluded from the final analysis due to noncompliance with the protocol and unexpected interruption in the CGM. The basal characteristics of included patients are presented in Table 1 .
Median age was 30.31 ± 12.66 years, HbA1c of 7.28 ± 1.03 %, and BMI of 23.3 ± 3.4 kg/m 2 , with 13.67 ± 9.15 years since their diagnosis with DM1.
There were no significant differences in the pump and CGM settings and patients' behaviors during days before and after the exercise sessions. The SAP patterns are presented in Table 2 .
Hypoglycemic Events
At least 1 hypoglycemic event was noted in 53% of the patients in the 36 hours after the exercise session. Figure 1 shows the distributions of hypoglycemic events. There were 180 events after the morning sessions (5.6 per patient during 36 hours), with most occurring 15-24 hours after the sessions (10 pm to 7 am). There were no hypoglycemic events during or immediately after the morning sessions. There were 322 hypoglycemic events after the afternoon sessions (10.7 per patient during 36 hours), with most occurring 15-21 hours after the sessions (7 am to noon). Six hypoglycemic events took place during the afternoon exercise session. The comparison of postexercise hypoglycemia rates significantly favored morning exercise (incidence rate ratio, 0.52; 95% CI, 0.43-0.63; P < .0001).
The probability of detecting hypoglycemia by SMBG was 20.1% lower than the probability of detecting hypoglycemia by CGM (P = .0004). Four events were documented by capillary blood glucose testing and were not detected by CGM during the morning exercise. There were no severe hypoglycemic events during the study period. 
Hyperglycemic Events
When comparing morning versus afternoon sessions, there was no difference in the incidence of hyperglycemic events; (Incidence rate ratio 1.0; 95%CI: 0.93-1.14)
Time Spent in Euglycemia
On the day prior to morning exercise sessions, 63 ± 30.7% (mean ± SD) of the CGM readings were in the 70-200 mg/dl range, compared to 83 ± 17.6% of readings on the day after the session. This improvement on the day after morning exercise was statistically significant (P = .003). On the days following afternoon exercise, there were more CGM readings reflecting hypoglycemia (<70 mg/dl) than on the day prior to afternoon exercise (7.5 vs 1.1%, P = .011) and there was no difference in the number of CGM readings in the 70-200 mg/dl range.
Accuracy of CGM Data
The mean absolute relative difference (MARD) for the morning exercise sessions compared to the previous day of rest was within the prespecified acceptable quality ranges according to the ISO criteria available at the moment in which the study was conducted. 6 Rest MARD 13.8% ± 9.6% (mean ± SD); post-morning exercise MARD 18.3% ± 7.2%. (No significant difference between groups.) The MARD for the afternoon exercise sessions compared to the previous day of rest did not show difference between groups (rest MARD:
13.8% ± 9.5%; post-afternoon exercise MARD: 17.4% ± 9.1%).
Discussion
People with diabetes must balance the benefits of exercise against the risk of hypoglycemia during or after the PE. This is the first study conducted in adult people with DM1 to determine the safety of PE, comparing the risk of late-onset hypoglycemia following morning versus afternoon exercise.
We found significantly fewer hypoglycemic events if the exercise was conducted in the morning. There are several possible explanations for these findings. Cortisol, the main counterregulatory hormone, has a circadian rhythm and is not highly affected by hypoglycemia and PE. Its lower concentrations in the afternoon and particularly at midnight may favor hypoglycemia by reducing gluconeogenesis and responses to glucagon. 7, 8 Further research is needed to better quantify this phenomenon. Other possible explanation could be the absence of insulin boluses before the morning exercise since these was performed in a fasting state, however, we aimed to reduce this difference as the afternoon exercise session was conducted 4 hours after lunch, which is considered enough time to minimize the effect of the fast-acting insulin used for that meal.
In our study we observed similar rates of postexercise nocturnal hypoglycemia to those reported by the DirectNet Workgroup. 9, 10 They evaluated 50 patients with DM1 (11-17 years old) after moderate PE in the afternoon versus a day of sedentarism. In this study, mean glucose between 10 pm and 6 am on the day after exercise was significantly lower compared to the resting day (131 vs 154 mg/dL, P = .003).
We found a low rate of hypoglycemia during and immediately after exercise, which differs from other published studies 10 which report that 30% of adolescents and children with DM1 had either biochemical (glucose < 60 mg/dL) or symptomatic hypoglycemia during or immediately after the exercise session. This discrepancy may be explained because we required our subjects to start exercise only if glucose levels were in the range between 120-200 mg/dL, based on previous findings and on expert recommendations. [11] [12] [13] In addition, we suspended basal insulin infusion during exercise, restarting it only 45 minutes after finishing it. The real-time availability of CGM data may have also contributed to the relatively low rates of early-and lateonset hypoglycemia. 14, 15 Comparing days before versus after morning exercise sessions, we observed an increase in the CGM readings in the euglycemic range, showing the benefits of exercise on glycemic control. When we compared CGM data in days pre-and post-afternoon exercise, this was not evident, but we observed a clear tendency toward more hypoglycemic events.
Sensor accuracy during PE is a concern because rapidly changing blood glucose concentrations may lead to a large gradient between blood and interstitial glucose values. One study suggests that CGM data overestimate glucose levels during aerobic exercise compared with measures made simultaneously in capillary blood, due to the 10-to 20-minute time delay in equilibration between interstitial fluid and capillary glucose. 16 Our data showed a good accuracy of CGM data during PE, with MARD in acceptable ranges and the 6 hypoglycemic events presented during exercise were all corroborated by capillary glucose measurements.
The crossover design of this study, with all participants serving as their own controls has advantages as it reduces the variability between subjects, letting us evaluate the response of each patient to both interventions. Our study results may not be generalizable to pediatric or geriatric populations or to those with recently diagnosed DM1.
Conclusion
Among adult people with DM1 using SAP therapy, PE in the morning confers a lower risk of postexercise hypoglycemia than does afternoon exercise. Most episodes of postexercise hypoglycemia occur between 15 and 24 hours after the cessation of exercise. Exercise in the morning improves metabolic control on the subsequent day and maintains patients in the euglycemic range for a longer time. In addition, our data showed a good accuracy of CGM data during PE.
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